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SUMMARY

Beasurements were made in the Variable Density
Wind Tunnel of the National Advisory Commitiee for
Aeronautics to determine the disirtbution of pressure over
one section of an B. A. F. 80 (symmeirical) airfoil with
tratling edge flaps. In order to study the effect of scale,
measurements were made with air densities of approxi-
mately 1 and 20 atmospheres.

Isometric diagrams of pressure distribution are given
to show the effect of change in incidence, flap displace-
ment, and scale upon the distribution. Plois of normal
force coefficient versus angle of atiack for different flap

is desirable to reduce the more general problem, first to
one of determining the effect of a flap on the air forces
acting at one section of & simple symmetrical airfoil.
This report deals with an experimental investigation of
this problem, the air forces being determined by mesas-
uring directly the pressures at points along one section

-of an R. A. F. 30 airfoil with flap.

This investigation is a part of a general investigation
of the distribution of pressure over sairfoils in the
Variable Density Wind Tunnel at the Langley Memo-
rial Aeronautical Laboratory. The purpose of the
larger program is to study scale effect, and this part in

FiTex 1.—Model R. A. F. 30 airfofl with trafting edge flap

displacements are given to show the effect of a displaced
Jlap. Fanally, plots are giren of both the experimental
and theoretical characteristic coefficients versus flap angle,
in order to provide a comparison with the theory. It is
concluded that for small flap displacements the agree-
ment for the piiching and hinge moments is such that it
warrants the use of the theoretical parameters. However,
the agreemeni for the lifi ie not as good, particularly for
the smaller flaps. In an appendiz, an example is given
of the calculation of the load and momenis on an airfoil
with hinged flap from these parameters.

INTRODUCTION

Since a lifting surface with & trailing edge flap forms
a part of the control system of practically every air-
plane, a study of such a surface is of particular im-
portance. Some few tests have been made on sairfoils
having trailing edge fiaps and among these i a force
test in the Variable Density Wind Tunnel on an
N. A. C. A-MS6 airfoil. (Reference 4.) However, it

particular, to study the effect of & flap. In keeping
with the tendency toward smaller flaps a 10 per cent
chord flap has been included and it would seem desira-
ble that even smaller flaps be included in future
investigations. : :

APPARATUS AND TESTS

A disgrammatic sketch of the redesigned Variable
Density Wind Tunnel of the National Advisory Com-
mittee for Aeronautics and a description of the pres-
sure distribution apparatus sre given in Reference 2.
A manuslly operated multiple-tube aleochol mano-
meter was used to measure the pressure on the wing
in the I-atmosphere tests, but for the 20-atmosphere
tests it was mnecessary to use an automatic photo-
recording manometer. A similar instrument is de-
scribed in Reference 10.

The ordinates of the symmetrical R. A. F. 30 airfoil
were taken from Reference 3 and are given in Figure 2.
The model, shown in Figure 1, had a 10-inch chord
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and 72-inch span, sllowing it to extend across the
60-inch open test section and into the dead air space
on both sides. If was constructed of mahogany,
except for metal flaps. The entire 15 orifices were
located at one section in the center of the airfoil and
over one surface, as shown in Figure 2. Due to the
symmetry -of the section it was only necessary to
record pressures on one surface, the pressures on the
other surface being obtained from a similar record
made with equal, but opposite, angles of attack and
flap displacement. (The angle of attack, «, is the
angle of attack of the forward part of the airfoil.)
For example, the pressure distribution over the sec-
tion with a flap angle, 8, of +40° and an angle of
attack, e, of +9°is found as follows: The upper surface
pressures are given by the test in which 8=40° and
«=9° and the lower surface pressures by the test
in which §=—40° and a=—9°,

Pressures were measured for 10 and 20 per cent
chord flaps with flap settings 0°, +10°, +£20°, +30°,

o 0 20 30 40

in neutral position. These diagrams were mechanically
integrated to obtain the coefficients of normal force,
pitching moment about a point one-quarter of the
chord behind the leading edge, flap load, and hinge
moment, the coefficients being defined by the following
expressions:

Orr=25
| ounqisfé
Ca= nghcf

where F is the resultant pressure force normal to tho
chord, M the corresponding moment about the quar-
ter-chord point, F, the resultant pressure force on
the flap normal to the chord of the flap, and MM, the
corresponding moment about the flap hinge. The
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Ficvre 2.—R, A. F. 30 sections showing prescare orifice locations for 10 and 20 per cent chiord Saps

+40° and £50° positive flap angles indicating a
downward displacement. The angle of attack, e,
was varied in 3° intervals from —21° to +21° for the
10 per cent chord flap and from —28° 30’ to +28°
30’ for the 20 per cent chord flap. The tests were
made with air pressures in the tunnel of approximately
1 and 20 atmospheres, corresponding to Reynolds
Numbers of approximately 0.356:<X10° and 6.70 X 10°.

RESULTS

The results of this investigation are given in the
form of diagrams and curves in Figures 3 to 23,
inclusive. The diagrams showing the distribution of
pressure were obtained by plotiing the ratio pf¢, the
local pressure p at each orifice, measured with respect
to the pressure in the dead air space about the jet,
divided by the dynamic pressure g, against the location
of the orifice along the chord.

It should be noted that in the construction of the
diagrams, the chord of the wing is taken the same in
all diagrams; namely, the chord of the wing with flap

subseript f refers to the flap, the flap chord, ¢;, being
measured from the hinge. -

The system of plotting the pressures on the flap
introduces a small error in the values of COyr and Cx
but does not affect the values of Omf and C;. A betier
approximeation would be to assume that the pressures
act normal to the broken line representing the mean
camber line of the section. The corrected coefficients
of normal force and pitching moment would then be:

COnr (cor.)=Cxr—E (1—cos 8) Cyr,.
Cu (cor.)=0u+E (1—cos 8) (75— E) Om-f.
Inasmuch as the theory is based on an assumption

which gives accurate values only for small flap angles,
the above corrections have no bearing on the com-

‘parison between theory and experiment.

Isometric diagrams showing the distribution of
pressure under typical conditions are given in Figures
3 to 11. In Figures 3 to 8 both the low and high
Reynolds Number data, for the airfoil with 20 per
cent chord flap, have been plotted together. In
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DISTRIBUTION OF PRESSURE OVER AIRFOILS

Figures 9 to 11 corresponding low Reynolds Num-
ber dats, for the airfoil with 10 per cent chord flap,
are plotted, the high Reynolds Number data being
omitted, since as a result of difficulties with the
equipment, they were not considered sufficiently reli-
able to present.

The integrated data are presented in Figures 12 to
23 in which the integrated coefficients are plotted
against angle of attack. In addition to these and
more pertinent to this investigation the coefficients

691

duced by pressure pulsations of =410 per cent of the
dynamic pressure, and the manometer cells were sub-
ject to errors in their respective calibrations. Further
recent studies of the effect of temperature on the
calibrations of the manometer cells have shown that

cent may have been introduced in this way. A part
of the difference between the high and the low scale
results of these tests may, therefore, be due to inac-

curacies of measurement.
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of normal force, pitching moment, and hinge moment |
are plotted against flap displacement in Figures 25
to 32. These figures were obtained by cross-fairing
the original plots.

In compering the curves for scale effect it must be
remembered that the high scale tests were less accur-
ate than the low scale tests for several reasons. The
model mounting lacked sufficient rigidity to main-
tain accurately its angle calibration when subjected to
the large forces encountered during & high scale run.
The width of the lines on the photomanometer rec-
ords was of the order of that which would be pro- |

DISCUSSION
Distribution of pressure:

The change in the distribution of pressure over the
R.ATF. 30 airfoil, resulting from an increase in dy-
namic scale or Reynolds Number can be observed in
Figures 3 to 8. In accordance with previous obser-
vations, the effect is confined largely to the distribu-
tion in the region of the burble. The burble is very
definitely delayed by an increase in scale, and the
negative pressures aftained in the high-scale tests
exceed the negative pressures attained in the low-scale
tests. Figure 7 shows the distribution in the region of

errors in the individual pressures as high as 10 per
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600
the burble through the entire range of flap displace-
ments for the airfoil with 20 per cent chord flap.
When the forward part of the airfoil is maintained
at a constant angle of attack and the flap is displaced,
a series of pressure distribution disgrams showing the
effect of displacing the flap is obtained. Such diagrams
are given for angles of attack corresponding approxi-

REPORT NATIONAL ADVISORY COMMITTEE FOR AERONATUTICS

camber. If the flap is displaced downward, the camber
becomes larger and the airfoil would be expected to
have a larger negative angle of zero lift and a higher
maximum lift. The lift curve below the burble region,
however, would be expected to remain a straight line
having approximately the same slope. Referring to
Figures 12 to 14, it is seen that the effect of displacing
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Figuer 30.—~Hinge moment coaficient versus flap angle at different
values of Cxr; 10 per cent ¢ lap. Reynolds Number 0.350 108

mately to zero lift, maximum lift, and to lifts well
beyond the stall in Figures 6 to 11. As the flap is
displaced from the neutral position, while the angle
of the forward part of the airfoil is maintained un.
changed, a secondary burbling condition may be ob-
served at the hinge in some of the diagrams. For in-
stance, in Figures 6 to 8, particularly at § = —20°, there
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F1ouRE 31.—Hinge moment coefficlent versus flap angle at different
values of Cv»; 30 per cent ¢ fap. Reynolds Number 0.8356X10¢

is, on the lower surface at the hinge, a noticeable nega- !

tive pressure peak. These peaks, which are more pro-
nounced at the higher Reynolds Number, disappear as
the flap angle § is increased, indicating burbling of the
flow over the flap at angles greater than 20°,
The effect of a flap:

An airfoil having its trailing edge flap .displaced
becomes, in effect, a new airfoil having a different

the flap through small angles may be predicted in this
way, but for larger flap angles there probably is a
local ‘burbling condition over the flap which causes
the flap effect to become more complicated. For
instance, as previously pointed out while considering
the pressure distribution diagrams, there is apparently
a change in flow over the 20 per cent chord flap when
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FiGure 32.—Hinge moment coefficlent versas flap angle at different
values of Cyr: 20 per cent ¢ flap. Reynolds Number 6.70XX10¢

it is displaced upward to angles between 20° and 30°.
At the higher Reynolds Numhber (fig. 14) the maxinium
normal force coefficient is higher at the larger negative
flap angle and the normal force coeflicient curve has
an abnormally high slope. At higher negative flap
angles the normal force curve slope remains high, but
the maximum normal force falls off again. A similar
effect, but occurring at smaller negative flap angles
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may be observed in the diagrams for the airfoil with
10 per cent chord fap.

Theory does not enable the prediction of the maxi-
mum lift coefficient of an sirfoil with a flap, but if
mey be concluded from Figures 12 to 14 that displacing
the flap downward to angles as large as 50° will produce
a progressive increase in the maximum lift coefficient,
and that the airfoil will burble at the same or a
slightly lower angle of attack as the flap is displaced
downward. The effect of incressing the scsle is to
inerease the maximum normsl force coefficient for &ll
down-flap settings, the burble angle being approxi-
mately 3° higher at the high scale, but the change in
maximum normel force coefficient as a result of dis-
placing the flap is not as great at the larger Reynolds
Numbers. In other words, the increase in maximum
normal force coefficient with scale is greater for the
small flap displacemenis. Values of maximum normal
force coefficient for different flap angles are given in
the table below.

TasLe I

Flapengle ... _._;—W—ifth—ﬂJ—lﬂ' 0° | 10°| 20°| %° | 20°] 50°

.......... R 1021111 255 3201 301 46
mlgereentcB.. N. 0.356 X |
' L72

e e ) 8 8 A S

Before proceeding with the comparison of theory
and esperiment, it is necessary to consider the effect
of aspect ratio and.determine some meens of taking
this variable into sccount. Assuming that a change
in the aspect ratio does not alter the angle of zero Iift
or the distribution of air forces over the airfoil at a
particular value of the lift, expressions are derived
containing parameters which are independent of the
aspect ratio.

The shift of the angle of zero liff with flap displace-
ment has been found theoretically by applying Munk’s
integrals to the broken line representing the mean
camber line of the deformed section (References 4
and 5.) The theory indicates that this shift is pro-
portional to the angular displacement of the flap
for the small angles and may be represented as &
fraction, k, of the flap displacement angle. For in-
stance, if £=0.5, displacing the flap 10° will produce the
same change in the lift as displacing the whole un-
deformed airfoil through an angle of 5°. The angle of
attack measured from the angle of zero ILift, for a
symmetirical airfoil with a flap displaced through the
angle §, is, therefore, (¢+£3). Heunce

Cr=a(a+ks8) 1)

where @ is the slope of the lift curve corresponding to
any particular aspect ratio umder consideration and &
is independent of aspect ratio. Munk’s integrals when
applied to the broken line representing the median line
of the section, give

G.Tj 0.80, 0.86{ 0.9 0.

_cos™ 1—2E)+2J/EQ—-E)

x

k

2)

where E is the ratio of the flap chord to the total
chord. This expression gives the same result as that
given by Glauert (Reference 6). For convenience, the
values of , as calculated from the above expression, are
plotted against E in Figure 24.

Neglecting slight differences between the Iift coeffi-
cient and the normal force coefficient, which for the
conditions under consideration would not amount to
more than about plus or minus 2 per cent, the
experimental and theoretical values of k& may be
compared by referring to the curves of normal force
coefficient versus flap angle, §, for constant angles of
attack, «. Equation (1) indicates that theoretically
these curves are straight lines having a slope of ¢ £.

The value of “a’ for this comparison hss been
obtained from the experimental curves. Taking a
value for a of 0.075 per degree (4.30 per radian) as a
mean slope of the normal force coefficient curves, lines
representing the theoretical curves have been drawn,
together with the experimental curves in Figures 25
and 26. A comparison of the slopes of the lines in
Figure 25 shows that for & 10 per cent chord flap only
about 50 per cent of the theoretical effect of the flap
on the normal force coefficient is attained. Increasing
the flap size to 20 per cent of the chord (fig. 26) pro-

duces an increase in effectiveness as compared with the .

theoretical, particularly for small flap displacements.
At the lower Reynolds Number when the 20 per cent
chord flap is displaced 10°, about 80 per cent of the full
theoretical effect is reached. Figure 26 shows that the
high scale results do not agree as well with the theory.
This might be expected, since previous work has shown
that small irregularities such as hinges and hinge fair-
ings produce & much larger disturbance at high scale
than at Iow. '

Further evidence of increased effectiveness of larger
flaps as compared with the theory is found in Reference
9. The Lift was measured on a symmetrical section
with a 30 per cent chord flap, hinged in & manner simi-
lar to the flaps in this investigation. For flap displace-
ments of 20° and less, about 98 per ecent of the theoret-
ical effect was attained.

The pitching characteristics and center of pressure
movement are best studied by a consideration of the
pitching moment taken about a point ome-quarter of
the chord behind the leading edge. The reason for
taking the moment about this point is apparent from
Munk’s theory, which states that the moment sbout
the one-quarter chord point is independent of the angle
of attack and vearies directly with the flap angle.
Therefore, we may write

where the proportionslity factor m is independent of
aspect ratio and may be found theoretically from
Munk’s integrals (References 4 and 5), or by Glauert’s

|
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method (Reference 86).
tially the same result.

m=%1-EJEA-E) (4)

T

Both methods give substan-

where a, is the slope of the lift curve for the airfoil of
infinite aspect ratio. Experiment indicates (Refer-
ence 8) that for commonly used airfoils the value of
a, is approximately 5.5 instead of 2=, as the theory
shows. Using 5.5 as the value of a,, values of m have
been calculated for different values of £ and plotted
against K in Figure 24 for convenient reference. The
theoretical straight lines with slope, —m, are drawn
together with the experimental points in Figures 27 to
29. A study of these figures shows that for small flap
displacements (—10° to +10°) the actuel and the
theory agree closely. It might be added that this
range covers most of the working range of control
surfaces,

The torsional stresses at the hinge due to the air
forces on the flap are of importance in the design of
control surfaces. The hinge moment is best studied
by & consideration of its relation to flap displacement
and the lift. H. Glauert, in Reference 6, has theo-
retically derived an expression for the hinge moment
coefficient (C), which is of the form

07, = h,O'_r,— th (5)

It is placed in this form because the parameters 4, and
h are independent of aspect ratio. In brief, Glauert’s
method consists in assuming & distribution of vorticity
of the form '

kdz=cV1A4,(1+cos 8) + ?A,, sin ne sin e}de  (6)

where the first term gives the vorticity for a straight
line airfoil and the coefficients of the sine series are
dependent on the shape of the airfoil. By means of
the process used in the above reference and noting
the use of dynamic pressure, ¥ pV? in place of. the
British usage, ¢V?, the expressions for the parameters
ko and h are found to be

b3 G- EWETE)
- (% - 2E) <% —cos™! JE’)] 9

h=4——%———l(1_ - E(1-E) g—cos‘*‘/E’.

VBT | ®)

For ready reference, values of these parameters are
ploited against E in Figure 24. The parameter % is
the most interesting because it is the proportionslity
factor determining the varistion in hinge moment with

COMMITTEE FOR AERONAUTIC

flap displacement. It will be noted that for values of
C,, plotted against § at different lifts, the parameter 4
is a measure of slope, hence straight lines having slopes
equal to & and representing the theoretical relation-
ship for lifts corresponding to Cr=0, and C.=.6 are
drawn together with the experimental points in Fig-
ures 30 to 32.

A study of the above figures shows that the para-
meter h affords a means of theoretically calculating
the effect of flap displacement upon hinge moment
coefficient which leads to results which agree closely
with the actual. The parameter k,, however, does not,
show such good agreement, due probably to a lack of
precision in the measurement of the small forces
encountered. The percentage error in h, appears
high because the theoreticael values of h, are very
smell. In other words, for flaps of small chord the
hinge moment depends almost entirely on the flap
displacement, being only slightly affected by the lift
or attitude of the airfoil as a whole.

In order that these equations for the coefficients may
be applied to sirfoils not having symmetrical profiles,
it is necessary to add a corrective constant to the right-
‘hand side of Equations 1, 3, and 5. They will then
take the form

Cr=ala—a,+kb) (9)
Co=—mb+Ch, (10)
05 = ho 05"‘]!.8'[‘ Ohe (11)

The additional constants a,, Ci,, and C,, can be
easily determined for amy airfoil. «, is the angle of
zero lift of the undeformed section. Cu, is the pitch-
ing moment coefficient for the undeformed section and
C}, is the hinge moment coefficient for the undeformed
section at zero lift.

CONCLUSIONS

1. Downward displacement of a 10 or 20 per cent
chord flap, on & R. A. F. 30 airfoil, to angles as large
as 40° produces a progressive increase in the maximum
normal force coefficient.

2. At Reynolds Numbers corresponding approxi-
mately to full scale for airplane wings the maximum
normsl force coefficient is higher than low-scale model
tests would indicate for all downward flap displace-
ments, but at the higher seale, displacing the flap does
not produce as great a change in the maximum normal
force coefficient.

3. The pitching moments and hinge moments ob-
tained from these tests agree very well with the
theoretical results for small flap displacements, regard-
less of the size of the flap.

4. For flaps 20 per cent of the chord or smaller the
theory does not give a good measure of the actual flap
effect on the Lift. This is particularly true with the
type of hinge used and at the higher vealues of the
Reynolds Number.
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5. The effect of flaps should be further investigated
at large values of the Reynolds Number to find the
effect of different types of hinges and fairings at the
hinge, including also slots between the airfoil and the
flap.

Lanarey MEWORIAL. AFRONAUTICAL LiABORA-
TORY,
Natronar Apvisory COMMITTEE FOR AERO-
NAUTICS,
Lanerey Fienp, Va., April 8, 1930.
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APPENDIX

COMPUTATION OF WING LOAD CHARACTERISTICS BY
MEANS OF THEORETICAL PARAMETERS FOR A
WING WITH HINGED FLAP
In order to illustrate the use of the theoretical

method, it has been felt desirable to give a numerical
example using the theoretical parameters as a basis
for monoplane wing load calculations. The lift, pitch-
ing moment (about the one-quarter chord point), and
the hinge moment are computed for a symmetrical
rectangular monoplane wing having a trailing edge
flap. The dimensions of the wing and the conditions
of flight are given below.

Span . 50 feet.

Chord 7 feet.

Fiap chord .- ___._ 1.4 feet (20 per cent
chord).

Thickness__________________________ - 12 per cent chord.

Incidenee (o) e e o oo 5°.

Flap angle (8) - ___ 10° (.1745 radian).

Veloeity . 100 m. p. h.

Calculation of the coefficients:

The coefficients are computed by means of Equations
9, 10, and 1I. The values of the 4 parameters (&, m,
ko, and h) are read from the curves in Figure 24, and
since the section is symmetrical, the constants «,,
Cyx,, and G, are zero. The slope of the lift curve,
a, is dependent upon aspect ratio and may be caleulated
by the method of Reference 8. i

a= Qe =.074 per degree (12)

Qe
1+ R (1+7)57.3

Cr=alatk3).
From Figure 24 the value of % is found to be 0.549, but
experiment has shown this to be too high. Hence, the
value used is computed from the high scale curves in
Figure 26, the slope of the curves being equsl to a k.

a k=.023 pfér degree

9
L-=%:3;=.3o7
MEa

C.=.074(5+.307 X 10}

=.508 .
Gx= —ms

= —.560X.1745

=—.098

From this value of the moment coefficient the center of
pressure may be found approximately by dividing by
C;. '

This represents the distance of the center of pressure
measured as a fraction of the chord from the quarter-
chord point. The negative sign indicates that it is
behind this point.

OL = [l. 01;,— h6 .
= — 080X .598 —.650 X 1745
=—161 .

Calculation of the Loads:
The total loads are computed from the foliowing

equations in which S is the area, ¢ is the chord, and ¢,
the dynamic pressure.

2} 2
g=5o7=1x 00238 x (R

=25.6 pounds per square foot.
L-‘—“OL g S

= 538X 25.6 X350

=5360 pounds.

Af= Oy qge S
=—_098X25.6 X7X350
= —6150 pound-feet.

M]‘=C]¢ q 65 Sf
=—,161X25.6 X14X70
= —404 pound-feet.

' 804



